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Abstract

This study summarizes a large diverse dataset of methane (CH4) fluxes measured

from agricultural sites across the British Isles. A total of 53,976 manual static

chamber measurements from 27 different sites were investigated to determine

the magnitude of CH4 fluxes from a variety of agricultural fields across the UK

and Ireland. Our study shows that contrary to some studies, agricultural soils

(both arable and grassland) are small net emitters of CH4 rather than sinks.

Mean fluxes measured from arable and grassland sites (excluding fertiliser and

tillage events) were 0.11 ± 0.06 and 0.19 ± 0.09 nmol m−2 s−1, respectively, and

were not found to be significantly different (Welch t-test, p = 0.17). Using the

values reported in this study, we estimate that an annual emission of 0.16 and

0.09 Mt of CO2-eq is expected from arable and grassland agricultural soils in the

UK and Ireland (comparable to 0.3 and 0.7% of the current annual CH4 emission

inventories, respectively). Where CH4 uptake occurs in soils, it is negligible com-

pared to expected emissions of the application of animal manures and tillage

events, which were both found to significantly increase CH4 emissions in the

immediate few days to months after events. Our study highlights that there are

significant differences in CH4 uptake and emissions between sites, and that these

differences are partially the result of the moisture content of the soil (i.e., the aer-

obic status of the soil). We expect uptake of CH4 to be more prevalent in drier

soils where volumetric water content does not exceed 35% and emissions to be

exponentially greater where agricultural fields become waterlogged.
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Highlights

• This study investigated 53,976 CH4 flux measurements from 27 sites across

the UK

• Our study shows both arable and grassland soils are small net emitters

of CH4

• We estimate annual CH4 emissions of 0.16 Mt of CO2-eq from agricultural

soils in the UK

• We estimate annual CH4 emissions of 0.09 Mt of CO2-eq from agricultural

soils in Ireland
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1 | INTRODUCTION

Due to anthropogenic activities, concentrations of the
powerful greenhouse gas (GHG) methane (CH4) in the
atmosphere have risen by over a factor of 2.5, from
772 (pre-industrial era) to 1,866 ppb (Dlugokencky, 2020)
presently. Atmospheric CH4 continues to rise at a rate of
approximately 22 Tg every year, as global sources are larger
than sinks (also known as uptake, or negative flux) (Ehhalt
et al., 2001). The majority of naturally occurring emissions
of CH4 can be attributed to the biogenic processes of meth-
anogens (methane-emitting microorganisms), which are
predominant in anaerobic areas rich in organic carbon such
as wetlands (Conrad, 2009; Segers, 1998). However, human
activities have altered the magnitude of many natural pro-
cesses over the past two centuries, as well as creating new
sources of significant magnitude, which have grown expo-
nentially as the human population has increased. Current
estimates show that anthropogenic sources of CH4 now
contribute more to emissions than natural sources, and are
responsible for approximately 60% of global emission inven-
tories (Karakurt et al., 2012; Saunois et al., 2016). The larg-
est sources of anthropogenic CH4 emissions include energy
production (i.e., fossil fuel extraction and gas flaring), rice
agriculture, biomass burning and ruminant livestock.

Reduction of atmospheric concentrations of CH4 is
required if we are to meet the Paris Agreement target of
keeping global warming below 1.5 �C (Nisbet et al., 2020).
Due to the relatively short lifetime of CH4 in the atmo-
sphere (approximately 9 years), reductions in CH4 could
have a significant impact on short-term trends in global
warming (Dlugokencky et al., 2011; Collins et al., 2018).
The primary removal (sink) of CH4 from the atmosphere
occurs through the abiotic reaction of CH4 with hydroxyl
radicals in the troposphere (Ehhalt, 1974). Globally, this
process removes approximately 500 to 600 Tg of CH4 from
the atmosphere annually (Saunois et al., 2016). Another

smaller and less well-quantified CH4 sink is that of terres-
trial soils, which contributes to the removal of approxi-
mately 30 to 60 Tg of CH4 annually (Cicerone and
Oremland, 1988; Ridgwell et al., 1999). Uptake of CH4 into
soils occurs primarily in aerobic conditions, when CH4 is
oxidized by methanotrophic microorganisms (Angle
et al., 2017; Holmes et al., 1999).

Methanogenic bacteria produce CH4 as a product of
anaerobic metabolism during the degradation of organic
materials in the soil (Stams, 1994). Conditions best suited
to these bacteria are anaerobic soils with a rich supply of
organic carbon, such as natural wetlands in the arctic and
tropics, and rice paddies (Ehhalt et al., 2001). As
methanogenic and methanotrophic (CH4 consuming)
microorganisms are both present in soils, both CH4 pro-
duction and oxidation occur simultaneously. Emissions of
biogenic CH4 from soils would be significantly larger if not
for the methanotrophic microorganisms that oxidize CH4

before it escapes the soil profile, reducing CH4 released by
up to 99% of the primary production (Reeburgh, 2007).
The heterogeneous nature of soils allows for both anaero-
bic and aerobic microsites to exist in close proximity, thus
the net flux from a particular location is dependent upon a
variety of conditions within the soil profile, such as aera-
tion, temperature, pH and available nutrients (Savage
et al., 1997; Smith et al., 2000).

Methane currently accounts for 11% of all GHG emis-
sions in the UK (BEIS, 2018) and 23% of all GHG emissions
in Ireland (EPA, 2020) (CO2eq, CO2 equivalent). Of the esti-
mated 51.5 Mt CO2eq of CH4 emitted across the UK and
14.0 Mt CO2eq of CH4 emitted across Ireland, 49 and 93%
are attributed to agricultural activities, respectively. These
emissions are predominantly the result of ruminant live-
stock production (CH4 released via enteric fermentation)
and manure storage (BEIS, 2018; EPA, 2020). Currently,
there is global pressure to reduce GHG emissions in supply
chains to reduce the impacts of global warming, and as a
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result, policymakers are seeking opportunities to reduce
CH4 emissions from intensive agricultural activities. One
topic of contention in GHG accounting at the farm level is
whether intensively managed arable and grassland soils
should be included as an offset of CH4 emissions due to the
oxidation uptake that is expected to occur (Chianese
et al., 2009; Oertel et al., 2016; Jackson et al., 2020).
Although wet soils high in organic matter are considered a
net source of CH4 emissions in the UK (Levy et al., 2012),
mineral soils commonly used for intensive agriculture are
often recognized as a sink (Dutaur and Verchot, 2007;
Castaldi et al., 2007). However, the effects of intensive till-
age/mechanical agitation of soils, irrigation, compaction
(machinery and livestock trampling) and chemical applica-
tions (mineral/organic fertiliser, lime, pesticides, etc.) and
resultant disturbed soil conditions across managed agricul-
tural land on CH4 emissions are currently poorly under-
stood. Due to the small magnitude of CH4 emissions and
uptake typically observed from mineral soils, it can be diffi-
cult to identify drivers and quantify fluxes from different
soil types and management practices (Kim et al., 2010;
Segers, 1998). A large number of studies have investigated
the net exchange of CH4 for agricultural soils (e.g., Dengel
et al., 2011; Le Mer and Roger, 2001; Levy et al., 2012;
Smith et al., 2000) with varying conclusions and some
suggesting that uptake of CH4 by agricultural soils is sub-
stantially less than in unmanaged natural soils (Nesbit and
Breitenbeck, 1992; Ridgwell et al., 1999).

Agriculture currently accounts for over 70% of land
use in the UK, 65% of land use in Ireland and approxi-
mately half of the land use in EU countries. This study
aims to better understand the reality of CH4 production
and uptake from agricultural soils in temperate northern
hemisphere soils such as those found across the British
Isles. Here we analyse a large dataset of CH4 measure-
ments carried out over the past 15 years by the authors.
The dataset includes 53,976 manual static chamber mea-
surements from across 27 separate fields, covering a vari-
ety of common crop types (arable, plantation and
grassland) and agricultural practices such as tillage and
fertiliser application. With this dataset, we aim to investi-
gate CH4 fluxes from intensively managed agricultural
soils and establish whether these soils should be classed
as a net sink or source of CH4 for the purposes of GHG
accounting across the British Isles.

2 | MATERIALS AND METHODS

2.1 | Flux data

Data used in this study were collected from numerous
research groups within the UK and Ireland that

specialize in the measurements of GHG from agricultural
sources. The majority of the data was originally generated
during various research projects with the aim of quantify-
ing emissions of gases from soils, but primarily with a
focus on nitrous oxide (N2O). The method is the same for
measuring fluxes of both CH4 and N2O and both gases
are typically measured in tandem; thus a largely unused
and unreported dataset was generated for CH4 fluxes.

A total of 53,976 manual static chamber measure-
ments from 27 different sites across the British Isles were
collated (Table 1). These measurements were all carried
out using the principle of flux chamber methodology,
whereby an enclosed chamber (of 20 to 40 L volume) was
inserted into the soil to form an air-tight seal. During clo-
sure of the chamber, gases were allowed to accumulate
within the sealed volume, and gas samples were manu-
ally extracted from the chamber via a syringe and tap.
Samples were analysed on different gas chromatography
(GC) instruments based across the UK and Ireland, fitted
with flame-ionization detector (FID) and electron capture
detector (ECD) devices, which allow concentrations of
carbon dioxide (CO2), CH4 and N2O to be quantified at
the same time. The rate of exchange of a particular gas
between the soil and the atmosphere was then deter-
mined using Equation (1):

F =
dC
dt

:
ρV
A

, ð1Þ

where F is the gas flux from the soil (nmol m−2 s−1), dC/
dt is the rate of change in the concentration in time in
nmol mol−1 s−1 estimated by linear regression, ρ is the
density of air in mol m−3, V is the volume of the chamber
in m3 and A is the surface area enclosed by the chamber
in m2.

Although based on a similar principle, the flux
chamber measurement methodology used for the dif-
ferent datasets varied between research groups (see
Table 1 publications list for further details of method-
ology). Chamber size and sampling procedures differed
between studies, but fluxes remain consistent as a rep-
resentation of emissions from a given surface area of
the soil over a given period of time (as described in
Equation (1)). More efforts have been focused on
improving the detection limit of the measurement
methodology in recent years by increasing the number
of samples taken per chamber from a minimum of one
to a standard procedure which requires at least four. A
larger number of samples reduces the uncertainty in
the regression fit of concentration change over a set
period of time (dC/dt), which is recognized as the larg-
est source of error in chamber measurements (Levy
et al., 2011). The least precise method is that of taking

1844 COWAN ET AL.



TABLE 1 A summary of the origins and measurement methodology of the CH4 flux data presented in this study (n is the number of

measurements recorded at each site)

Site
Coordinates
Lat/long (�) Year of study

Crop
system n

No. gas
samples

Experiment/
management details

Related
publication

Arable

Norfolk 52.6, 0.9 2005 Fallow 56 2 Pigs present on fallow
ground

Unpublished

Salisbury 51.1, 1.8 2006 Fallow 65 2 Pigs present on fallow
ground

Unpublished

Surrey 51.3, 0.6 2006 Fallow 33 2 Pigs present on fallow
ground

Unpublished

Lincolnshire (a) 53.1, −0.5 2008–2010 Rapeseed 110 3 Mineral N fertiliser
applied

Drewer et al. (2011)

Lincolnshire (b) 53.1, −0.5 2008–2010 Wheat 109 3 Mineral N fertiliser
applied

Drewer et al. (2011)

East grange (a) 56.0, −3.6 2012–2014 Barley 227 4 Mineral N fertiliser
applied

Drewer et al. (2017)

Boghall 55.9, −3.2 2013–2014 Wheat 1792 2 Cattle slurry application Bell et al. (2016);
Thorman et al.
(2020)

North Wyke (a) 50.8, 3.9 2017 Wheat 496 4 Organic fertiliser (food
waste digestate)

Sánchez-Rodríguez
et al. (2018)

BE plantations

Lincolnshire (c) 53.1, −0.4 2008–2010 Miscanthus 114 3 GHG budget of bioenergy
crops, no N fertiliser
applied

Drewer et al. (2011)

Lincolnshire (d) 53.1, −0.3 2008–2010 Willow 114 3 GHG budget of bioenergy
crops, no N fertiliser
applied

Drewer et al. (2011)

East grange (b) 56.0, −3.6 2012–2014 Scots pine 184 4 GHG budget of bioenergy
crops, no N fertiliser
applied

Drewer et al. (2017)

East grange (c) 56.0, −3.6 2012–2014 Willow 210 4 GHG budget of bioenergy
crops, no N fertiliser
applied

Drewer et al. (2017)

Grasslands

Cow Park 55.9, 3.2 2003 Silage crop 83 2 Urine/dung application Jones et al. (2005)

Norfolk 52.6, 0.9 2005 Pig grazed 59 2 Pigs present on grassland Unpublished

Salisbury 51.1, 1.8 2006 Pig grazed 61 2 Pigs present on grassland Unpublished

Surrey 51.3, 0.56 2006 Pig grazed 36 2 Pigs present on grassland Unpublished

Easter Bush (a) 55.9, 3.2 2006–2007 Sheep grazing 704 2 Mineral N fertiliser Skiba et al. (2013)

Easter Bush (b) 55.9, 3.2 2012–2014 Silage crop 701 2 N fertiliser applied (AN)/
impact of tillage event

Drewer et al. (2017)

Easter Bush (c) 55.9, 3.2 2016 Silage crop 650 4 Mineral N fertiliser
applied (AN, urea, urea
with inhibitor)

Cowan et al. (2019

Easter Bush (d) 55.9, 3.2 2016 Sheep grazed 811 4 Mineral N fertiliser (urea) Maire et al. (2018)

House OʼMuir 55.9, 3.3 2008 Silage crop 80 2 Mineral N fertiliser
applied

Unpublished

Crichton 55.1, 3.6 2012–2015 Silage crop 8,586 2 Urea/slurry applied Hargreaves
et al. (2019)

(Continues)
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several samples of background air as an ‘ambient’ to
act as a t = 0 sample for all chambers, and taking one
sample per chamber after a fixed period of time (typi-
cally 40–60 min). The uncertainty in a two-point
regression fitting cannot be calculated on an individ-
ual basis, limiting quality control of data collected
using this method. Here, we determine the range of
uncertainty for CH4 measurements to be in the order
of ±0.52 nmol m−2 s−1, although in reality this value
will vary depending upon instrument capability and
maintenance, user experience and execution of the
chamber measurements themselves (i.e., leaking, dis-
turbance of soil, timing of measurement). Where four
(or more) samples are taken, this reduces the uncer-
tainty in dC/dt significantly; thus the detection limit is
estimated to be 0.17 nmol m−2 s−1 for this study, based
on unpublished laboratory work carried out by the
authors investigating quality control of flux chamber
measurements. However, the same caveats exist in that
this value is a generalization and in reality, detection
limits of a particular method are dependent on many
factors that will vary across research groups and exper-
imental methodology. In this study, these approximate

detection limits (0.17 to 0.52 nmol m−2 s−1) were used
to determine the significance of the individually
observed fluxes.

2.2 | Site classification

The field sites from which the collated data originate
are classified in this study as arable, bioenergy
(BE) plantations or grasslands (see Table 1). Fields in
which cereal crops were grown and ground that was
left unsown for a season (fallow) are classed as arable.
These fields had a history of intensive tillage and were
typically tilled once or twice per year depending on
crop rotation. BE plantations represent fields in which
crops (trees) were planted on soils that had until
recently been classified as arable. As such, these fields
did not have soils similar to those associated with tra-
ditional commercial forests. The crops planted in the
BE plantations were short rotation coppice willow,
short rotation forestry scots pine and Miscanthus
perennial grass, all commonly used for bioenergy pur-
poses. Where grassland was grazed or grown as a silage

TABLE 1 (Continued)

Site
Coordinates
Lat/long (�) Year of study

Crop
system n

No. gas
samples

Experiment/
management details

Related
publication

East Grange (d) 56.0, −3.6 2012–2014 Silage crop 184 4 Mineral N fertiliser
applied

Drewer et al. (2017)

Boghall Glen 55.5, 3.1 2015–2016 Mixed grazing 559 2 GHG budget of dung and
urine application

Unpublished

Kirkton 56.4, 4.7 2015–2016 Mixed grazing 580 2 GHG budget of dung and
urine application

Unpublished

North Wyke (b) 50.8, 3.9 2016 Silage crop 704 4 Mineral N fertiliser
applied (AN, urea, urea
with inhibitor)

Carswell et al. (2019)

Upper Joiner 55.9, 3.2 2017 Silage crop 544 4 Mineral N fertiliser
applied (AN, urea, urea
with inhibitor)

Cowan et al. (2019)

Johnstown Castle (a) 52.5, −6.5 2017 Silage crop 1,278 4 Mineral N fertiliser
(calcium ammonium
nitrate [CAN]) and
urine application

Maire et al. (2020)

Johnstown Castle (b) 52.5, −6.5 2018 Cattle grazing 2,479 4 Mineral N fertiliser
applied (CAN)

Unpublished

Johnstown Castle (c) 52.5, −6.5 2013–2015 Silage crop 15,874 4 Range of mineral N
fertiliser and urine/dung
applied

Harty et al. (2016);
Krol et al. (2016)

Moorepark 52.2, −8.2 2013–2015 Silage crop 16,513 4 Range of mineral N
fertiliser and urine/dung
applied

Harty et al. (2016);
Krol et al. (2016)
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crop for harvesting (or both), the data are classed as
grassland. These sites were less frequently tilled (usu-
ally more than 5 years between tillage events), and
some grassland sites in upland or boggy locations were
only managed extensively (e.g., frequent livestock
grazing).

2.3 | Site data

Soil data were collected for each of the different field sites
used in this study where available. At the site level, soil
pH, bulk density, annual rainfall and temperature data
were available for most sites (Table 2). Data were also

TABLE 2 Site data and soil properties of field sites from which CH4 flux data were collected in this study. Annual rainfall and soil

temperature are based on averages of 10 years of measurement data (where available)

Site Crop type Soil type Soil pH
Bulk
density (g cm−3)

Annual
rain (mm)

Annual soil
temperature (�C)

Arable

Norfolk Pig grazed / / / 649 /

Salisbury Pig grazed / / / 743 /

Surrey Pig grazed / / / 1,405 /

Lincolnshire (a) Rapeseed Fine loam over clay 5.6a 1.37 936 8.2

Lincolnshire (b) Wheat Fine loam over clay 5.4a 1.37 936 8.2

East Grange (a) Barley Clay loam 6.5 1.57 582 9.9

Boghall Wheat Sandy loam 6.0 1.05 849 9.0

North Wyke (a) Wheat Silt clay loam 5.8 0.75 1,107 10.0

BE plantations

Lincolnshire (c) Miscanthus Fine loam over clay 6.2a 1.53 936 8.2

Lincolnshire (d) Willow Fine loam over clay 5.0a 1.41 936 8.2

East Grange (b) Scots pine Clay loam 7.1 1.47 582 9.9

East Grange (c) Willow Clay loam 7.1 1.38 582 9.9

Grasslands

Cow Park Silage crop Sandy clay loam 6.4 1.1 921 12.2

Norfolk Pig grazed / / / 649 /

Salisbury Pig grazed / / / 743 /

Surrey Pig grazed / / / 1,405 /

Easter Bush (a) Sheep grazing Clay loam 5.1a 1.19 921 9.0

Easter Bush (b) Silage crop Clay loam 5.5a 1.19 921 9.0

Easter Bush (c) Silage crop Clay loam 5.5a 1.19 921 9.0

Easter Bush (d) Sheep grazed Clay loam 5.4a 1.19 921 9.0

House OʼMuir Silage crop / 6.0 0.27 897 9.0

Crichton Silage crop Silt clay loam 6.3 1.20 1,120 10.0

East Grange (d) Silage crop Clay loam 5.6 1.49 582 9.9

Boghall Glen Mixed grazing Organic/humic ranker 4.6 0.86 980 9.0

Kirkton Mixed grazing Organic/podzolic ranker 5.6 0.77 2,528 7.9

North Wyke (b) Silage crop Silt clay loam 5.8 0.87 1,107 10.0

Upper joiner Silage crop Clay loam 6.2a 1.20 921 9.0

Johnstown Castle (a) Silage crop Drained sandy loam 6.4 1.01 941 11.4

Johnstown Castle (b) Cattle grazing Drained sandy loam 6.4 1.01 941 11.4

Johnstown Castle (c) Silage crop Drained sandy loam 5.6 1.01 941 11.4

Moorepark Silage crop Sandy loam 5.4 0.98 1,050 10.0

aCorrection factor applied as outlined in Equation (2).
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collated where measurements of soil properties had
been taken in close proximity to flux chambers during
or shortly after flux measurements. The three variables
most often recorded during gas measurements were
volumetric soil moisture, soil pH and soil temperature.
The volumetric soil moisture was the most commonly
collected parameter across the experiments for the pur-
pose of relating CH4 fluxes to soil moisture contents
(water-filled pore space was not commonly available).
In situ measurements were taken using hand-held
moisture probes, which were inserted to 5–10-cm depth
of the soil (typically using an ML3 ThetaProbe Soil
Moisture Sensor, Delta-T Devices, Cambridge, UK, or
Campbell Hydrosense II, Campbell Scientific, Inc.,
Logan, UT, USA). A variety of hand-held temperature
probes were used at the different sites to measure soil
temperature in situ. Soil temperature probes would be
left for approximately 2 to 10 min in the soil to reach
equilibrium temperature before taking a reading. Soil
pH was measured by taking a soil sample (0–10 cm
deep) from the field for laboratory analysis (see Table 1
publications list for further details of the methodol-
ogy). Where pH measurements were made in water
rather than calcium chloride (CaCl2), a conversion fac-
tor was applied to normalize the methods. Due to the
unavailability of electrical conductivity (EC) measure-
ments, the linear conversion of Ahern et al. (1995) was
used, which is representative of soils ranging from 4.8
to 8.5 (Equation (2)):

pHCa = 0:999× pHH2Oð Þ−0:877 : ð2Þ

2.4 | Statistical analysis

Data in this study were analysed using the statistical
software ‘R’ (R Core Team, 2017) and presented using
the ‘ggplot2’ package (Wickham, 2016). Where 95%
confidence intervals (95% CIs) are presented, these
were estimated by taking the standard error of a sam-
ple population and multiplying by 1.96, assuming a
‘‘normal’’ statistical distribution of data. The ‘‘leaps’’
package for R was used to perform stepwise regression
to find the best-fitting model, based on the Akaike
information criterion (AIC) (Lumley, 2015). The AIC is
a measure of model goodness-of-fit derived from infor-
mation theory, widely used in model selection
(Burnham and Anderson, 2004). For a set of candidate
models, the model with the lowest AIC value repre-
sents the best choice, given the trade-off between
model likelihood and complexity.

3 | RESULTS

3.1 | Flux data

A total of 53,976 manual flux measurements collected
using standard static chamber methods are reported in
this analysis (Figure 1a), 93% of which are from grass-
land soils (Figure 1d). The maximum CH4 emission
recorded from an individual measurement was
303.7 nmol m−2 s−1, whereas the largest negative flux
(uptake) was −19.4 nmol m−2 s−1. However, observa-
tions of this scale are rare in this dataset and the vast
majority of measurements were near zero, with a 95%
quantile range of −1.44 to 2.29 nmol m−2 s−1 (Figure 1).
The mean of all fluxes measured from the grassland
sites was 0.62 ± 0.21 nmol m−2 s−1, whereas the means
of all fluxes measured from the arable and BE plantation
sites were 0.11 ± 0.06 and − 0.05 ± 0.02 nmol m−2 s−1,
respectively. The large difference between grassland
emissions and other management types is partly due to
the inclusion of high flux data from one grassland site
after a tillage event and contributions from sites after
organic fertiliser applications (discussed below), and
with their exclusion, the mean flux measured from
grassland sites is 0.19 ± 0.09 nmol m−2 s−1. With the
exclusion of fluxes measured after the tillage event and
application of organic fertilisers, differences between
fluxes measured from grassland and arable sites were
not found to be statistically significant (Welch t-test,
p = 0.17); however, emissions measured from the plan-
tation fields were found to be significantly different to
both grassland and arable fields (p < 0.001 for both).

The mean value of all CH4 fluxes measured is
0.58 nmol m−2 s−1; however, the majority of observations
were negative, with 62% of all fluxes reporting uptake of
CH4 into the soil. The positive mean values are the result
of a skewed dataset, with a log-normal distribution ten-
ding toward higher fluxes (Figure 1a). If the measure-
ments after manure application (up to 30 days) and the
impacts of tillage and subsequent large flux observations
(Drewer et al., 2017) are removed from the dataset, then
the mean value of the reported CH4 flux falls to
0.16 ± 0.08 nmol m−2 s−1 (heavily dominated by grass-
land sites). Splitting the data by field site reveals that
there are significant differences between different fields
under the same management type. Specific trends also
appear, with uptake most likely to be observed in BE
plantation fields and uptake more likely at arable than
grassland sites (Table 3). Statistically significant uptake of
CH4 was observed at three of the four plantation sites,
three of the eight arable sites and three of the 19 grassland
sites. Assuming a global warming potential (GWP) of
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28 over 100 years (IPCC 2014), we present the estimated
annual flux in units of g-CO2eq m−2. Although CH4 emis-
sion or uptake was shown to be statistically significantly
different from zero in some cases, estimated annual fluxes
of CH4 remained relatively small in terms of GWP, with
the largest annual emission of 31.9 g CO2eq m−2 (Kirkton)
and largest annual uptake of −3.49 g CO2eq m−2 (House
OʼMuir) (Table 3).

3.2 | Impact of soil conditions

Direct linear correlations between volumetric soil mois-
ture content, pH and soil temperature measured in tan-
dem with flux measurements (excluding tillage and
fertiliser application experiments) were each found to
individually correlate with CH4 flux in a statistically sig-
nificant manner (p < 0.005); however, R2 values when

FIGURE 1 (a) Histogram of all CH4 fluxes carried out using static chambers. (b) Histogram of all CH4 fluxes measured in arable

studies. (c) Histogram of all CH4 fluxes measured in plantation studies. (d) Histogram of all CH4 fluxes measured in grassland studies.

Histograms 1b, 1c and 1d are limited to a range of −3 to 3 nmol m−2 s−1, where the vast majority of observations occurred [Color figure can

be viewed at wileyonlinelibrary.com]
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using individual or multiple linear regression remained
small (<0.1). As the majority of measurements fell below
the detection limit of the chamber method, comparisons
were highly scattered and the meaningful use of more
complex statistical comparisons was limited. Trends in
the data were clear for both soil moisture content and

temperature (Figure 2). Where soils were very dry,
uptake was more likely, with emissions typically increas-
ing as soil moisture increases. Fluxes appeared to rise
sharply as volumetric soil moisture reached 85%
(Figure 2a). There also appeared to be a trend of uptake
increasing as soils got warmer, although soil moisture

TABLE 3 A summary of mean fluxes and 95% confidence intervals (CIs) reported for each of the field management types at the

different field sites. Annual global warming potential (GWP) estimates are presented as a multiplication of the mean flux, assuming a GWP

of 28 over 100 years. Where uptake is larger than the 95% CI the site is designated as ‘uptake significant’

Site Crop type
Mean CH4 flux
(nmol m−2 s−1) 95% CIs (±)

Annual GWP
(g CO2eq m−2) Uptake significant

Arable

Norfolk Fallow 1.31 0.62 13.84

Salisbury Fallow 1.02 0.38 10.77

Surrey Fallow 1.39 0.20 14.78

Lincolnshire (a) Rapeseed −0.07 0.03 −0.74 ✓

Lincolnshire (b) Wheat −0.09 0.02 −0.92 ✓

East Grange (a) Barley −0.09 0.02 −0.98 ✓

Boghall Wheat 0.05 0.04 0.58

North Wyke (a) Wheat 0.16 0.06 1.71

BE plantations

Lincolnshire (c) Miscanthus −0.04 0.02 −0.45 ✓

Lincolnshire (d) Willow −0.11 0.03 −1.20 ✓

East Grange (b) Scots pine −0.03 0.01 −0.36 ✓

East Grange (c) Willow −0.03 0.03 −0.27

Grasslands

Cow Park Silage crop 0.02 0.02 0.16

Norfolk Pig grazed 1.27 0.59 13.48

Salisbury Pig grazed 0.08 0.21 0.87

Surrey Pig grazed 0.59 0.36 6.25

Easter Bush (a) Sheep grazing 0.08 0.02 0.81

Easter Bush (b) Silage crop 2.84 0.47 30.09

Easter Bush (c) Silage crop 0.02 0.10 0.26

Easter Bush (d) Sheep grazed 0.19 0.09 2.01

House OʼMuir Silage crop −0.33 0.04 −3.49 ✓

Crichton Silage crop 0.87 0.08 9.27

East Grange (d) Silage crop −0.03 0.01 −0.28 ✓

Boghall Glen Mixed grazing 1.58 0.48 16.72

Kirkton Mixed grazing 3.01 0.76 31.89

North Wyke (b) Silage crop 2.67 0.71 28.31

Upper joiner Silage crop 0.82 0.56 8.65

Johnstown Castle (a) Silage crop −0.15 0.01 −1.57 ✓

Johnstown Castle (b) Cattle grazing −0.11 0.12 −1.12

Johnstown Castle (c) Silage crop 1.07 0.34 11.35

Moore Park Silage crop −0.01 0.04 −0.14
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and soil temperature were strongly correlated (R2 = 0.3).
When using multiple linear regression, with all soil prop-
erties as variables, soil moisture retained statistical signif-
icance, whereas soil temperature and pH both became
insignificant as predictors (p > 0.1). This suggests that
the pattern observed between CH4 flux and soil tempera-
ture was almost entirely due to the change in soil mois-
ture content, and not a direct reaction to the temperature
change.

At the site level, all measured variables were averaged
for comparisons (excluding tillage and fertiliser applica-
tion experiments). Using multiple linear regression, and
rated by AIC value, we investigated the model that best
explained the variability in CH4 fluxes (Figure 3a). Uni-
variate linear regression between CH4 flux and annual

rainfall accounted for 31% of the variance between the
field sites; however, this could be slightly improved upon
by including the other known soil properties, which then
accounted for 38% of the variance between sites
(Figure 3b). Site annual rainfall was the only statistically
significant predictor of CH4 flux at the site scale when
using multiple linear regression and no clear patterns
emerged between other site variables and CH4 emissions
when comparing differences between the sites.

3.3 | Impacts of tillage

Although tillage would have occurred annually at most
of the arable sites, and less frequently (every �5 years)

FIGURE 2 Fluxes of methane (CH4) grouped into statistical bins based on (a) volumetric soil moisture, (b) soil pH and (c) soil

temperature, measured in tandem with chamber measurements at each chamber location. Plots show the median values for each data bin,

with hinges on the 25% and 75% quantiles [Color figure can be viewed at wileyonlinelibrary.com]
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on intensively managed grasslands (or not at all on
upland hill fields), such data were not available for
most of these studies. Chambers are often removed
from sites during any tillage operations, and as most of
the experiments aimed to study the impact of nitrogen
fertiliser application, tillage was deliberately avoided.
The exception to this was one study that specifically
aimed to investigate the impacts of tillage (Drewer
et al., 2017). This study reveals that after tillage events,
relatively large fluxes of CH4 can be released from an
otherwise low CH4 system (Figure 4). The results from

this study showed that during these large emission
events, the data shifts from a normal distribution of
flux data close to zero, to a log-normal distribution,
but retains many values close to zero and negative
measurements were still observed even when exponen-
tially high fluxes occur in the same field (Figures 4 and
5). Although rainfall may have played some part in the
increase in emissions after tillage, CH4 fluxes are expo-
nentially higher from the tilled field than from the
adjacent untilled field in this study (see Drewer
et al., 2017).

FIGURE 3 Multiple linear regression was applied to correlate CH4 flux with volumetric soil moisture (VWC), soil temperature (soil T),

pH, bulk density (BD), annual rainfall and annual temperature at each of the field sites in this study. (a) Adjusted R2 values (adjr. R2) of

each of the variables in the multiple regression fit; where the variable is shaded indicates its inclusion within the model to achieve the adjr.

R2on the Y axis, with inclusion based on minimizing the AIC value. (b) The resulting predicted fit (R2 of 0.38 in 3a) was plotted against

measured CH4 fluxes for each site (95% confidence intervals [CIs] included). The 1:1 ratio was added to aid comparison (red) [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 4 Tillage events occurred at two grassland fields at the Easter Bush Field site, one in 2012 and one in 2014 (as reported in

Drewer et al., 2017). Data are shown for the measurement period March to October, 2012. After tillage, exponentially large fluxes of CH4

were observed from some of the chamber sites for several months [Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Impacts of fertiliser application

Mineral fertiliser application appears to have minimal
impacts on CH4 emissions. Over the 30 days immediately
after fertiliser application in all of the studies, only a
small number of high flux points were recorded with no
obvious temporal pattern (Figure 6). Differences between
the fertiliser types were largely experiment/site specific
and there was no clear pattern as to whether a particular
mineral fertiliser type had any impact on CH4 (large
emissions are generally from grazed fields where animal
dung is also present, as is the case for ammonium nitrate
(AN) measurements). Application of some organic fer-
tilisers did appear to have a larger impact on CH4 emis-
sions (Figure 7). In the experiments where dung was
applied, a clear disruption of CH4 emissions was observed
for the first week after application. After this, CH4 emis-
sions dropped back down to background levels rapidly,
with a handful of measurements still reporting elevated
fluxes. In the experiment carried out by Sánchez-
Rodríguez et al. (2018), industrially digested food waste
(digestate) was applied in both its acidified and normal

state. These peaks were not observed for the acidified
digestates for which fluxes were generally negative in the
30 days after application. The application of cow urine
appeared to have no effect on emissions, although a small
number of high uptake measurements were recorded
from these plots (Jones et al., 2005; Maire et al., 2020;
Krol et al., 2016).

In the absence of a meaningful model able to gap-fill
CH4 between measurements, any cumulative estimates
were open to wide interpretation. Integration using linear
interpolation between points is highly sensitive to the
number of measurements taken, the presence of outliers
and the timing between samples. In this study, therefore,
we made the simplistic assumption that the mean flux
over 30 days after an application event is proportional to
the magnitude of the cumulative flux expected over this
period (Table 4). Assuming a GWP of 28 over 100 years
(IPCC 2014), we present the estimated fluxes in units of
g-CO2eq m−2. Although the impact of individual
(or grouped) events was shown to be significantly differ-
ent from zero in some cases, fluxes of CH4 during these
periods were low in terms of GWP. The exception to this

FIGURE 5 Measurements of CH4 fluxes taken before (a) and after (b) the tillage event reported in Drewer et al. (2017) show that data

shift from a normal to log-normal distribution after disturbance
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was dung application, with an estimated emission of up
to 21 g CO2eq m−2 in the 30 days after application.

4 | DISCUSSION

This study highlights numerous discussion points regard-
ing the emission and uptake of CH4 from agricultural
soils. The first point to address is that our data show that
the vast majority of CH4 fluxes measured from all agricul-
tural soils are close to zero and fall below the limit of
detection of the flux chamber methodologies used to
quantify fluxes. For this reason, these CH4 fluxes are

often disregarded by researchers and not reported in
studies that use flux chamber methodologies as they are
considered negligible or insignificantly different from
zero. In many cases where the number of measurements
for each particular ‘‘treatment’’ is small in short-term
experiments, it is unlikely that statistically significant
results will be possible. The issue of detection limits and
statistical significance of ‘‘noisy’’ data does explain in
part the contradictory studies from previous decades of
CH4 research where the number of gas samples taken per
chamber were low (<4) and GC instruments were less
precise than modern equivalents. Care should be taken
when assessing small CH4 flux datasets from soils,

FIGURE 6 Measurements of CH4 fluxes taken up to 30 days after mineral and organic fertiliser application events (excluding treated

digestate and dung) at all sites. Plots show the median values for each data bin, with hinges on the 25% and 75% quantiles. Plots are

curtailed visually but not statistically to the −5 to 5 nmol m−2 s−1 range to exclude outliers. AN, ammonium nitrate; CAN, calcium

ammonium nitrate
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especially when detection limits are poor. Ways to
improve CH4 measurements in future studies would be
to use modern laser instruments with higher precision
than GC instruments, capable of measuring high fre-
quency measurements (1 Hz) from chambers (Hensen
et al., 2006).

This study shows that with sufficient data, statistically
significant differences can be observed when investigating
CH4 from different agricultural soils during experiments.
The data gathered using static chamber methodologies
allow for differentiation between fluxes measured from dif-
ferent sites and management practices. Mean fluxes from
the 27 different sites reported in this study range from
−0.33 ± 0.04 to 3.01 ± 0.76 nmol m−2 s−1, showing that
although small in magnitude, uptake and emissions of CH4

are both viable conclusions to reach regarding any particu-
lar field site. Our data also suggest that bioenergy crop
plantations are significantly more likely to be a small sink
of CH4, with a mean flux of −0.05 ± 0.02 nmol m−2 s−1 cal-
culated from all plantation site flux measurements. This is
perhaps due to no-tillage conditions and limited

disturbance by management operations, and agrees well
with previous studies that suggested that forest and natural
woodland soils are more likely to act as CH4 sinks than
soils under arable and grassland management (Nesbit and
Breitenbeck, 1992; Smith et al., 2000). Plantation soils are
also likely to be less compacted (i.e., lower bulk densities)
than agricultural soils (Nesbit and Breitenbeck, 1992;
Smith et al., 2000). Mean fluxes measured from arable and
grassland sites (excluding all fertiliser and tillage events)
were 0.11 ± 0.06 and 0.19 ± 0.09 nmol m−2 s−1, respec-
tively, and were not found to be significantly different
(Welch t test, p = 0.17).

The strongest predictor of individual flux measure-
ments in the available data was soil volumetric water
content (VWC). Although noisy (R2 < 0.1), partly due to
the limit of detection of the chamber measurements, the
number of measurement points was sufficient to identify
a statistically significant relationship between CH4 flux
and VWC. This relationship predicts that in drier soils
(<20% VWC), CH4 uptake is more likely, whereas in very
wet (waterlogged, >80% VWC) soils, CH4 flux will

FIGURE 7 Measurements of CH4 fluxes taken up to 30 days after (top) waste food digestate and (bottom) dung fertiliser application at

all sites. Plots show the median values for each data bin, with hinges on the 25% and 75% quantiles. Plots are curtailed visually but not

statistically to exclude outliers
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increase substantially. These observations agree to some
extent with work carried out by van den Pol-van
Dasselaar et al., (1998), which identified soil VWC of
approximately 20 to 35% as the optimal range of CH4

uptake in grasslands in the Netherlands. Comparisons
between CH4 flux and VWC reported in this study were
somewhat limited by the depth at which measurements
were taken, representing only the top 0–10 cm of the soil
profiles. Emissions of CH4 from agricultural soils were
also likely to be influenced by CH4 produced deeper in
the soil profiles, dependent upon water table depth, soil
aerobicity, soil compaction and available carbon. Where
soils are dry and porous on the surface, but very wet and
warm with a large carbon content deeper in the profile
(anoxic and organic carbon rich), higher emissions of
CH4 might also be expected (Morel et al., 2019).

Fluxes of CH4 at the site level correlated somewhat
significantly with annual rainfall (R2 = 0.31); however,
adding further soil properties to the model only slightly
improved the prediction. The correlation between site-
level CH4 fluxes and annual rainfall may indicate that
CH4 emissions from a particular area are more dependent
on long-term conditions than short-term changes at a
site. If this is the case, wetter soils may favour
populations of methanogenic bacteria. At the individual
measurement and site level, we find poor correlation
between fluxes and soil properties that are believed to

influence CH4 emissions (pH, soil temperature, bulk den-
sity). Segers (1998) highlighted the difficulty in predicting
CH4 fluxes from soil properties, but other studies have
identified relationships between pH and temperature
(e.g., MacDonald et al., 1996; Smith et al., 2000). How-
ever, the strongest correlations between soil properties
and CH4 fluxes are often found in forest and wetland
soils, with emissions from agricultural soils remaining
close to zero in most cases (MacDonald et al., 1996; Smith
et al., 2000).

The largest impact on CH4 fluxes of any of the man-
agement practices studied here was that of tillage. In
Drewer et al. (2017), adjacent intensively managed
grazed grasslands were tilled in spring, resulting in a
large increase in CH4 emissions (Figures 4 and 5). This
was likely to be a result of the incorporation and subse-
quent decomposition of grass into the lower soil layers,
providing the necessary anaerobic conditions and carbon
source for methanogenesis (Badagliacca et al., 2020).
Taking simplistic means of the fluxes before tillage and
the mean of fluxes after tillage (up to 150 days), fluxes
increased from −0.03 ± 0.07 nmol m−2 s−1 to
4.03 ± 1.29 nmol m−2 s−1. Based on these values, it can
be estimated that tillage resulted in the net loss of
approximately 0.63 g CH4-C m−2 during a 150-day mea-
surement period. Assuming a GWP multiplier of 28, this
means that emissions from the field over a 150-day

TABLE 4 The impact of mineral and organic N fertiliser types on CH4 fluxes. Data are mean and cumulative fluxes of CH4 estimated

for a 30-day period, post fertiliser application, presented as nmol m−2 s−1 and g CO2eq m−2 (over 30 days) using a global warming potential

multiplier of 28. In the absence of a model able to predict CH4 between measurements, cumulative flux estimates are based on the mean of

fluxes recorded from 0 to 30 days after fertiliser application

Fertiliser applied
CH4 flux 30-day
mean (nmol m−2 s−1) 95% CI

Cum. CH4 flux
30 days (g CO2eq m−2) 95% CI

Ammonium nitrate 3.64 2.04 3.17 1.77

Calcium ammonium nitrate −0.22 0.03 −0.19 0.03

Calcium ammonium nitrate/urea −0.39 0.07 −0.34 0.06

Urea −0.04 0.06 −0.04 0.05

Urea and inhibitor −0.22 0.05 −0.19 0.04

Calcium ammonium nitrate and urine −0.09 0.06 −0.08 0.05

Urine −0.30 0.31 −0.26 0.27

Slurry 0.88 0.23 0.77 0.20

Dung and inhibitor 0.14 0.12 0.12 0.10

Acidified digestate −0.06 0.05 −0.05 0.04

Acidified digestate and inhibitor −0.14 0.11 −0.12 0.10

Digestate 1.63 0.87 1.42 0.76

Digestate and inhibitor 0.75 0.50 0.65 0.44

Dung 24.11 6.21 21.00 5.41

Dung and urine 13.00 5.62 11.32 4.90
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period resulted in a net loss of 17.7 g CO2eq m−2. To put
that value into context, it would take approximately
55.4 years for this field to absorb the same mass of CH4

as was released after this tillage event, assuming uptake
occurred at pre-tillage rates (−0.03 nmol m−2 s−1) for the
duration. Large emissions of CH4 have also been
observed from other grassland sites, including Merbold
et al. (2014), where CH4 emissions of 2.65 g CH4-C m2

were reported as the annual flux during the year of a till-
age event, measured using the eddy covariance method.
The change in statistical distribution from normal to log-
normal highlights that, potentially, the statistics used to
describe this type of activity should take log-normal
maths into account. Methods such as a Bayesian
approach should be used to determine appropriate means
and uncertainties when handling this type of data in
future studies (Cowan et al., 2017).

The immediate impact of nitrogen fertilisers (over
30 days) was typically below statistical significance for
each of the treatments and dependent on the site at
which experiments took place. Individual data points
where high fluxes were measured skewed the data. These
fluxes were real, but their representation of a particular
nitrogen fertiliser application is questionable. In the case
of fertiliser application to grazed fields (most of the exper-
iments reported in this study), occasionally animal waste
is present in the chambers (although not recorded),
which can affect CH4 flux. Interestingly, all mineral fer-
tiliser applications resulted in uptake, with the exception
of AN. As calcium ammonium nitrate (CAN) is expected
to slightly increase the pH of soils when applied, an
observation of uptake after application is counterintuitive
to previous studies, which suggest increasing pH can
increase CH4 emissions from soils (Wang et al., 1993).
Our observations mirror those of other studies in which
the application of mineral fertilisers is not always well
explained by the known soil and microbial chemistry
(Hütsch, 1998; Le Mer and Roger, 2001). This is likely to
be due to a mixture of the impacts of unmeasured vari-
ables and the limit of detection of the chamber methodol-
ogies applied. This study cannot determine the long-term
impacts of mineral fertilisation on the different field sites,
but this factor may affect the extent to which soils can act
as a CH4 sink (Hütsch et al., 1994).

The application of organic fertilisers has a more
immediate impact than the application of mineral fer-
tilisers. In the case of dung and digestate additions, an
immediate peak and decline in CH4 emissions were
observed, which lasted for approximately 1 to 2 weeks in
the data presented. These emissions remained relatively
small with a maximum flux of 21 g CO2eq m−2 over a
30-day period after application. This study cannot state a
definitive emission factor for CH4 expected after organic

fertiliser application, as this would take many experi-
ments and a functional gap-filling model. The complex
properties of livestock dung and urine depend on factors
such as animal diet, age and health, which are beyond
the scope of this study. What we emphasize in this study
is a realistic magnitude of emissions expected after
organic manure application. These are documented well
in previous studies where similar flux ranges were
observed, with emission peaks which typically lasted for
2 to 4 weeks after application (Chadwick et al., 2000; Sag-
gar et al., 2004).

To put the impact of CH4 emissions and uptake from
agricultural soils into context with the other GHGs, we
present the data from the Easter Bush grassland
(Midlothian, Scotland), where a variety of GHG measure-
ments have occurred (carried out by the authors of this
study, see Table 5). CO2eq emissions are calculated using
values provided from the IPCC 2014, Fifth Assessment
Report (AR5). In Jones et al. (2017), the CO2 emissions
measured at the site as net ecosystem exchange ranged
from −605 to 72 g C m−2, with an annual mean uptake of
approximately 217.9 g C m−2. Typically, the Easter Bush
field receives approximately 210 kg N per year in the
form of AN fertiliser. In Cowan et al. (2020a), emission
factors of N2O measured via the eddy covariance method
varied per fertiliser event, ranging from 0.2 to 2.78% of
the nitrogen applied as AN, with a mean flux of approxi-
mately 0.3 nmol N2O m−2 s−1 during periods outside of
fertiliser events. Using this estimate as a background flux,
an annual estimate of 0.27 g N2O-N m−2 is released from
the field when no fertiliser is applied. Using the more
refined EF from Cowan et al. (2020), which estimates an
EF of 1.34% of the applied N to be emitted as N2O, the
typical annual estimate of N2O released from the field is
approximately 2.75 g N2O-N m−2. In Cowan et al. (2018),
annual soil carbon monoxide (CO) emissions of 0.37 g C
m−2 at the site were reported. Carbon monoxide is
classed as a secondary GHG due to its interactions with
OH radicals in the atmosphere, thus extending the life-
time of CH4 and having a positive GWP as a result.
Excluding the study in which the tillage event occurred,
the mean CH4 flux for the Easter Bush field site was
0.1 nmol m−2 s−1, which equated to 0.04 g C m−2 y−1, and
is close to the mean of the CH4 measured from all sites
presented in this study (i.e., 0.19 ± 0.09 nmol m−2 s−1 for
undisturbed grassland).

Using these estimates, the relative contribution of
CH4 to emissions from the soil is negligible when com-
pared to uncertainties that would be expected in CO2 and
N2O emission estimates. The contributions to the overall
CO2eq emissions from the site account for only 0.4% of
the total budget, only fractionally more than those esti-
mated for CO, which contributes an estimated 0.3% of
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the total budget. At sites where uptake is expected, a sim-
ilar comparison could be expected, in which uptake of
CH4 would be statistically insignificant when compared
to the uptake and emission of other GHGs. Interestingly,
emissions of CO in terms of mass of carbon are higher at
the Easter Bush site than CH4, although CH4 still contrib-
utes more to the total GWP of the site due to the higher
GWP of CH4 molecules. If CH4 uptake was considered in
GHG accounting for agricultural soils, the argument also
exists that it would be prudent to include emissions of
CO, which is likely to reduce the overall effect of any
uptake to even less significance. This budget does not
include the effect of tillage, organic fertiliser application
or livestock respiration or excreta returns. If these were
included, the contribution to the annual GWP of CH4 is
likely to increase (BEIS, 2018; EPA, 2020).

Previous studies have suggested that soils across
Europe act as a methane sink, including grassland and
upland soils similar to those reported in this study
(e.g., Kravchenko 2017; Hörtnagl et al., 2018). It is uncer-
tain from the data presented in this study if there are geo-
graphical reasons for soils becoming a CH4 source across
the British Isles (such as high soil moisture or organic
matter content), or if comparisons across studies are too
sparse or methodologically different to draw a valid com-
parison. In particular, given the highly skewed nature of
the data, the mean is a very uncertain quantity, and the
uncertainty bounds on this are rarely quantified cor-
rectly, and this affects whether authors conclude that
their sites are net sinks or sources. According to esti-
mated global inventories, soils are expected to act as a
sink for an estimated 30 to 60 Tg of CH4 annually
(Cicerone and Oremland, 1988; Ridgwell et al., 1999). On
average, soil CH4 uptake at a global level is estimated to
be in the order of −0.40 to −0.79 nmol m−2 s−1, with an
annual uptake of approximately 4.2 to 8.4 g CO2eq m−2.
The UK and Ireland account for 244,654 and 70,273 km2

of land cover, respectively. If generic global soil uptake
values were applied to UK and Irish agricultural soils, an
annual CH4 uptake of 0.94 to 1.88 Mt of CO2eq would be

expected to occur across both countries. In the UK,
56,506 km2 of land is classed as arable and 96,949 km2 is
classed as grasslands (improved, neutral, calcareous and
acid) (Land Cover statistics derived from LCM2015; Row-
land et al., 2017). In Ireland, 6,676 km2 of land is classed
as arable and 42,867 km2 of land is classed as grasslands
(CSO, 2018). Using the CH4 fluxes estimated for these
land classes reported in this study, these areas become a
source, and an emission of 0.16 and 0.09 Mt of CO2eq is
expected to be emitted from the UK and Ireland, respec-
tively. Compared to the 51.5 and 14.0 Mt CO2eq of CH4

emitted across the UK and Ireland from other sources,
such as energy production and distribution, landfills,
ruminants, manure management and wetlands
(BEIS, 2018; EPA, 2020), emissions of CH4 from UK and
Irish agricultural soils are insignificant, representing only
0.3% and 0.7%, respectively, of the total budget.

5 | CONCLUSION

Our study concludes that release and uptake of CH4 by
agricultural soils are both possible and can be statistically
significant at any given field site. The data presented also
suggest that fluxes of CH4 from plantation fields are more
likely to be negative than those of arable or grassland sites.
However, overall, both arable and grassland fields were on
average small emitters of CH4 due to the presence of hot-
spots (small areas [valid individual measurements] of high
fluxes) that skewed data from uptake into a positive emis-
sion. Findings suggest that uptake of CH4 should not be
considered for GHG inventories of specific farms, or at a
national level. Alternatively, we predict CH4 emissions
from intensively managed agricultural soils to be approxi-
mately 0.16 Mt of CO2eq for UK land and 0.09 Mt of
CO2eq for Irish land. Furthermore, we predict agricultural
management practices, such as the application of organic
fertilisers and the tillage of fields, are likely to counteract
most CH4 consumption by methanotrophic bacteria in
agricultural soils. In comparison to other GHGs, uptake or

TABLE 5 The annual greenhouse gas (GHG) budget for the intensively managed grazed grassland for Easter Bush (Midlothian,

Scotland) is presented, using global warming potential (GWP) values provided from the IPCC 2014, Fifth Assessment Report (AR5). Annual

estimates are made based on the years that measurements took place in Jones et al. (2017) for CO2, Cowan et al. (2018) for CO and Cowan

et al. (2020a) for N2O

GHG
Annual emission
(g C m−2)/(g N m−2)

Typical emission
(g C m−2)/(g N m−2) AR5 GWP ratio

Annual flux
(g CO2eq m−2) Annual GWP (%)

CO2 −605 to 72 −217.9 1 −217.9 88

N2O 0.64 to 5.42 2.75 265 26.02 11

CH4 0.01 to 1.07 0.04 28 1.06 0.4

CO 0.35 to 0.38 0.37 �2 �0.74 0.3
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release of CH4 from soils alone can be expected to be in
the same order of magnitude in terms of GWP as CO emis-
sions (secondary GHG), further reducing the significance
of GHG mitigation by CH4 uptake in soils if the CO factor
is also considered. Our overall recommendation is that
where no long-term measurements from a particular
(or representative) field site are available, soil CH4 emis-
sions can be assumed to be negligible in any localized
GHG budget within the British Isles. This is due to a lack
of evidence to classify soils from a particular area as being
either a significant CH4 source or sink without a dedicated
measurement campaign. As such, uptake of CH4 in agri-
cultural soils should not be used as a sink to offset emis-
sions from livestock in the UK and Ireland.

ACKNOWLEDGEMENTS
The authors would like to thank all of the people who
have contributed to this large dataset at all stages. The
data presented in this study resulted from 1,000s of hours
of work and involved dozens of researchers, technicians,
students and farmers. The analysis was funded by the UK
NERC grant E/S003614/2 ‘Detection and Attribution of
Regional greenhouse gas Emissions in the UK (DARE-
UK)’. Work carried out was funded by multiple grants,
including:

• Scottish Government RESAS funding
• The research Stimulus Fund, administered by the

Department of Agriculture, Food and the Marine
(Ireland: Grant numbers RSF10-/RD/SC/716 and
RSF11S138)

• Teagasc Walsh Scholarship Scheme (Ref: 2012005)
• DEFRA GHG Platform AC0116 (The InveN2Ory

project)
• AHDB Dairy
• UK-China Virtual Joint Centre for Improved Nitrogen

Agronomy (CINAg, BB/N013468/1)

CONFLICT OF INTEREST
The authors of this study certify that they have no affilia-
tions with or involvement in any organization or entity
with any financial or non-financial interest in the subject
matter or materials discussed in this manuscript.

AUTHOR CONTRIBUTION
Nicholas Cowan collected the flux data from multiple
research groups, carried out data analysis and wrote the
manuscript as the primary author. All other authors car-
ried out a significant amount of field measurements and
data processing of the original measurement data at the
various field sites described in this study. All authors have
contributed to the manuscript and have assisted in provid-
ing the data and details necessary to complete the study.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able on request directly from the relevant authors of the
described studies (conditions apply). Restrictions apply to
the availability of these data, which were used under
license for this study.

ORCID
Nicholas Cowan https://orcid.org/0000-0002-7473-7916
Peter Levy https://orcid.org/0000-0002-8505-1901

REFERENCES
Ahern, C. R., Baker, D. E., & Aitken, R. L. (1995). Models for relat-

ing pH measurements in water and calcium chloride for a wide
range of pH, soil types and depths. Plant and Soil, 171, 47–52.
https://doi.org/10.1007/bf00009563

Angle, J. C., Morin, T. H., Solden, L. M., Narrowe, A. B.,
Smith, G. J., Borton, M. A., … Wrighton, K. C. (2017).
Methanogenesis in oxygenated soils is a substantial fraction of
wetland methane emissions. Nature Communications, 8, 1567.
https://doi.org/10.1038/s41467-017-01753-4

Badagliacca, G., Rees, R. M., Giambalvo, D., & Saia, S. (2020). Vertisols
and Cambisols had contrasting short term greenhouse gas
responses to crop residue management. Plant, Soil and Envi-
ronment, 66, 222–233. https://doi.org/10.17221/599/2019-pse

BEIS 2018 UK greenhouse gas emissions, Final figures. https://
assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/862887/2018_Final_greenhouse_
gas_emissions_statistical_release.pdf

Bell, M.J., Cloy, J.M., Topp, C.F.E., Ball, B.C., Bagnall, A., Rees, R.
M., Chadwick, D.R., (2016). Quantifying N 2 O emissions from
intensive grassland production: the role of synthetic fertilizer
type, application rate, timing and nitrification inhibitors. J.
Agric. Sci. 154, 812–827. https://doi.org/10.1017/S002185
9615000945

Burnham, K.P., Anderson, D.R. 2004, Model selection and multi-
model inference (Internet). New York, NY: Springer. Retrieved
from https://link.springer.com/book/10.1007%2Fb97636.

Carswell, A., Shaw, R., Hunt, J., Sánchez-Rodríguez, A. R.,
Saunders, K., Cotton, J., … Misselbrook, T. H. (2019). Assessing
the benefits and wider costs of different N fertilisers for grass-
land agriculture. Archives of Agronomy and Soil Science, 65,
625–639. https://doi.org/10.1080/03650340.2018.1519251

Castaldi, S., Costantini, M., Cenciarelli, P., Ciccioli, P., &
Valentini, R. (2007). The methane sink associated to soils of
natural and agricultural ecosystems in Italy. Chemosphere, 66,
723–729. https://doi.org/10.1016/j.chemosphere.2006.07.089

Chadwick, D. R., Pain, B. F., & Brookman, S. K. E. (2000). Nitrous
oxide and methane emissions following application of animal
manures to grassland. Journal of Environmental Quality, 29,
277–287. https://doi.org/10.2134/jeq2000.00472425002900010035x

Cicerone, R. J., & Oremland, R. S. (1988). Biogeochemical aspects
of atmospheric methane. Global Biogeochemical Cycles, 2,
299–327. https://doi.org/10.1029/GB002i004p00299

Collins, W. J., Webber, C. P., Cox, P. M., Huntingford, C., Lowe, J.,
Sitch, S., … Powell, T. (2018). Increased importance of methane
reduction for a 1.5 degree target. Environmental Research Let-
ters, 13, 54003. https://doi.org/10.1088/1748-9326/aab89c

COWAN ET AL. 1859

https://orcid.org/0000-0002-7473-7916
https://orcid.org/0000-0002-7473-7916
https://orcid.org/0000-0002-8505-1901
https://orcid.org/0000-0002-8505-1901
https://doi.org/10.1007/bf00009563
https://doi.org/10.1038/s41467-017-01753-4
https://doi.org/10.17221/599/2019-pse
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/862887/2018_Final_greenhouse_gas_emissions_statistical_release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/862887/2018_Final_greenhouse_gas_emissions_statistical_release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/862887/2018_Final_greenhouse_gas_emissions_statistical_release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/862887/2018_Final_greenhouse_gas_emissions_statistical_release.pdf
https://doi.org/10.1017/S0021859615000945
https://doi.org/10.1017/S0021859615000945
https://link.springer.com/book/10.1007/b97636
https://doi.org/10.1080/03650340.2018.1519251
https://doi.org/10.1016/j.chemosphere.2006.07.089
https://doi.org/10.2134/jeq2000.00472425002900010035x
https://doi.org/10.1029/GB002i004p00299
https://doi.org/10.1088/1748-9326/aab89c


Conrad, R. (2009). The global methane cycle: Recent advances in
understanding the microbial processes involved: Global meth-
ane cycle. Environmental Microbiology Reports, 1, 285–292.
https://doi.org/10.1111/j.1758-2229.2009.00038.x

Cowan, N., Carnell, E., Skiba, U., Dragosits, U., Drewer, J., &
Levy, P. (2020). Nitrous oxide emission factors of mineral fer-
tilisers in the UK and Ireland: A Bayesian analysis of 20 years
of experimental data. Environment International, 135, 105366.
https://doi.org/10.1016/j.envint.2019.105366

Cowan, N., Helfter, C., Langford, B., Coyle, M., Levy, P., Moxley, J.,
… Skiba, U. (2018). Seasonal fluxes of carbon monoxide from
an intensively grazed grassland in Scotland. Atmospheric Envi-
ronment, 194, 170–178. https://doi.org/10.1016/j.atmosenv.
2018.09.039

Cowan, N., Levy, P., Maire, J., Coyle, M., Leeson, S. R.,
Famulari, D., … Skiba, U. (2020). An evaluation of four years of
nitrous oxide fluxes after application of ammonium nitrate and
urea fertilisers measured using the eddy covariance method.
Agricultural and Forest Meteorology, 280, 107812. https://doi.
org/10.1016/j.agrformet.2019.107812

Cowan, N., Levy, P., Moring, A., Simmons, I., Bache, C.,
Stephens, A., … Skiba, U. (2019). Nitrogen use efficiency and
N2O and NH3; losses attributed to three fertiliser types applied
to an intensively managed silage crop. Biogeosciences, 16,
4731–4745. https://doi.org/10.5194/bg-16-4731-2019

Cowan, N. J., Levy, P. E., Famulari, D., Anderson, M., Reay, D. S., &
Skiba, U. M. (2017). Nitrous oxide emission sources from a mixed
livestock farm. Agriculture, Ecosystems & Environment, 243,
92–102. https://doi.org/10.1016/j.agee.2017.04.014

CSO 2018. Environmental Indicators Ireland 2018 Retrieved
from https://www.cso.ie/en/releasesandpublications/ep/p-
eii/eii18/landuse/

Chianese, D. S., Rotz, C. A., & Richard, T. L. (2009). Whole-farm
greenhouse gas emissions: A review with application to a Penn-
sylvania dairy farm. Applied Engineering in Agriculture, 25,
431–442. https://doi.org/10.13031/2013.26895

Dengel, S., Levy, P.E., Grace, J., Jones, S.K., Skiba, U.M., (2011).
Methane emissions from sheep pasture, measured with an
open-path eddy covariance system. Glob. Change Biol. 17,
3524–3533. https://doi.org/10.1111/j.1365-2486.2011.02466.x

Dlugokencky, E. J., Nisbet, E. G., Fisher, R., & Lowry, D. (2011).
Global atmospheric methane: Budget, changes and dangers.
Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 369, 2058–2072. https://doi.
org/10.1098/rsta.2010.0341

Dlugokencky, E. (2020) NOAA/GML https://www.esrl.noaa.gov/
gmd/ccgg/trends_ch4/ Accessed 12/10/20

Drewer, J., Finch, J. W., Lloyd, C. R., Baggs, E. M., & Skiba, U.
(2011). How do soil emissions of N2O, CH4 and CO2 from
perennial bioenergy crops differ from arable annual crops?
GCB Bioenergy, 4(4), 408–419.

Drewer, J., Yamulki, S., Leeson, S. R., Anderson, M., Perks, M. P.,
Skiba, U. M., & McNamara, N. P. (2017). Difference in soil
methane (CH4) and nitrous oxide (N2O) fluxes from bioenergy
crops SRC willow and SRF scots pine compared with adjacent
arable and fallow in a temperate climate. Bioenergy Research,
10(2), 575–582.

Drewer, J., Anderson, M., Levy, P. E., Scholtes, B., Helfter, C.,
Parker, J., … Skiba, U. M. (2017). The impact of ploughing

intensively managed temperate grasslands on N2O, CH4 and
CO2 fluxes. Plant and Soil, 411, 193–208. https://doi.org/10.
1007/s11104-016-3023-x

Dutaur, L., & Verchot, L. V. (2007). A global inventory of the soil
CH 4 sink. Global Biogeochemical Cycles, 21(4), 1–9. https://doi.
org/10.1029/2006GB002734

Ehhalt, D. H. (1974). The atmospheric cycle of methane. Tellus, 26,
58–70. https://doi.org/10.1111/j.2153-3490.1974.tb01952.x

Ehhalt, D, Prather, M, Dentener, F, Derwent, R,
Dlugokencky, Edward J, Holland, E, Isaksen, I, …
McFarland, M. 2001. Chapter 4 of the IPCC Third Assessment
Report Climate Change 2001: The Scientific Basis. Atmospheric
Chemistry and Greenhouse Gases. United States: N. p.,
2001. Web.

EPA 2020. Irelandʼs Final Greenhouse Gas Emissions: 1990–2018.
Retrieved from http://www.epa.ie/pubs/reports/air/
airemissions/ghg2018/Ireland%20GHG%201990-2018%20Final
%20Inventory_April%202020.pdf

Hargreaves, P. R., Baker, K. L., Graceson, A., Bonnett, S.,
Ball, B. C., & Cloy, J. M. (2019). Soil compaction effects on
grassland silage yields and soil structure under different levels
of compaction over three years. European Journal of Agronomy,
109, 125916. https://doi.org/10.1016/j.eja.2019.125916

Harty, M. A., Forrestal, P. J., Watson, C. J., McGeough, K. L.,
Carolan, R., Elliot, C., … Lanigan, G. J. (2016). Reducing
nitrous oxide emissions by changing N fertiliser use from cal-
cium ammonium nitrate (CAN) to urea based formulations.
Science of the Total Environment, 563–564, 576–586. https://doi.
org/10.1016/j.scitotenv.2016.04.120

Hensen, A., Groot, T. T., van den Bulk, W. C. M., Vermeulen, A. T.,
Olesen, J. E., & Schelde, K. (2006). Dairy farm CH4 and N2O
emissions, from one square metre to the full farm scale. Agri-
culture, Ecosystems & Environment, 112, 146–152. https://doi.
org/10.1016/j.agee.2005.08.014

Holmes, A. J., Roslev, P., McDonald, I. R., Iversen, N.,
Henriksen, K., & Murrell, J. C. (1999). Characterization of
methanotrophic bacterial populations in soils showing atmo-
spheric methane uptake. Applied and Environmental Microbiology,
65, 3312–3318. https://doi.org/10.1128/AEM.65.8.3312-3318.1999

Hörtnagl, L., Barthel, M., Buchmann, N., Eugster, W., Butterbach-
Bahl, K., Díaz-Pinés, E., … Merbold, L. (2018). Greenhouse gas
fluxes over managed grasslands in Central Europe. Global
Change Biology, 24, 1843–1872. https://doi.org/10.1111/gcb.
14079

Hütsch, B. W. (1998). Methane oxidation in arable soil as inhibited
by ammonium, nitrite, and organic manure with respect to soil
pH. Biology and Fertility of Soils, 28, 27–35. https://doi.org/10.
1007/s003740050459

Hütsch, B. W., Webster, C. P., & Powlson, D. S. (1994). Methane
oxidation in soil as affected by land use, soil pH and N fertiliza-
tion. Soil Biology and Biochemistry, 26, 1613–1622. https://doi.
org/10.1016/0038-0717(94)90313-1

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution
of Working Groups I, II and III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [Core Writ-
ing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva,
Switzerland, 151 pp.

Jackson, R. B., Saunois, M., Bousquet, P., Canadell, J. G.,
Poulter, B., Stavert, A. R., … Tsuruta, A. (2020). Increasing

1860 COWAN ET AL.

https://doi.org/10.1111/j.1758-2229.2009.00038.x
https://doi.org/10.1016/j.envint.2019.105366
https://doi.org/10.1016/j.atmosenv.2018.09.039
https://doi.org/10.1016/j.atmosenv.2018.09.039
https://doi.org/10.1016/j.agrformet.2019.107812
https://doi.org/10.1016/j.agrformet.2019.107812
https://doi.org/10.5194/bg-16-4731-2019
https://doi.org/10.1016/j.agee.2017.04.014
https://www.cso.ie/en/releasesandpublications/ep/p-eii/eii18/landuse/
https://www.cso.ie/en/releasesandpublications/ep/p-eii/eii18/landuse/
https://doi.org/10.13031/2013.26895
https://doi.org/10.1111/j.1365-2486.2011.02466.x
https://doi.org/10.1098/rsta.2010.0341
https://doi.org/10.1098/rsta.2010.0341
https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/
https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/
https://doi.org/10.1007/s11104-016-3023-x
https://doi.org/10.1007/s11104-016-3023-x
https://doi.org/10.1029/2006GB002734
https://doi.org/10.1029/2006GB002734
https://doi.org/10.1111/j.2153-3490.1974.tb01952.x
http://www.epa.ie/pubs/reports/air/airemissions/ghg2018/Ireland%20GHG%201990-2018%20Final%20Inventory_April%202020.pdf
http://www.epa.ie/pubs/reports/air/airemissions/ghg2018/Ireland%20GHG%201990-2018%20Final%20Inventory_April%202020.pdf
http://www.epa.ie/pubs/reports/air/airemissions/ghg2018/Ireland%20GHG%201990-2018%20Final%20Inventory_April%202020.pdf
https://doi.org/10.1016/j.eja.2019.125916
https://doi.org/10.1016/j.scitotenv.2016.04.120
https://doi.org/10.1016/j.scitotenv.2016.04.120
https://doi.org/10.1016/j.agee.2005.08.014
https://doi.org/10.1016/j.agee.2005.08.014
https://doi.org/10.1128/AEM.65.8.3312-3318.1999
https://doi.org/10.1111/gcb.14079
https://doi.org/10.1111/gcb.14079
https://doi.org/10.1007/s003740050459
https://doi.org/10.1007/s003740050459
https://doi.org/10.1016/0038-0717(94)90313-1
https://doi.org/10.1016/0038-0717(94)90313-1


anthropogenic methane emissions arise equally from agricul-
tural and fossil fuel sources. Environmental Research Letters, 15,
071002. https://doi.org/10.1088/1748-9326/ab9ed2

Jones, S. K., Helfter, C., Anderson, M., Coyle, M., Campbell, C.,
Famulari, D., … Skiba, U. M. (2017). The nitrogen, carbon and
greenhouse gas budget of a grazed, cut and fertilised temperate
grassland. Biogeosciences, 14, 2069–2088. https://doi.org/10.
5194/bg-14-2069-2017

Jones, S. K., Rees, R. M., Skiba, U. M., & Ball, B. C. (2005). Green-
house gas emissions from a managed grassland. Global and
Planetary Change, 47, 201–211. https://doi.org/10.1016/j.
gloplacha.2004.10.011

Karakurt, I., Aydin, G., & Aydiner, K. (2012). Sources and mitigation
of methane emissions by sectors: A critical review. Renewable
Energy, 39, 40–48. https://doi.org/10.1016/j.renene.2011.09.006

Kim, D.-G., Isenhart, T. M., Parkin, T. B., Schultz, R. C., &
Loynachan, T. E. (2010). Methane flux in cropland and adjacent
riparian buffers with different vegetation covers. Journal of
Environmental Quality, 39, 97–105. https://doi.org/10.2134/
jeq2008.0408

Kravchenko, I. K. (2017). Microbial oxidation of atmospheric meth-
ane in natural and agricultural upland soils. J.S. Singh & G.
Seneviratne In Agro-environmental sustainability (pp. 183–211).
Berlin: Springer International Publishing. https://doi.org/10.
1007/978-3-319-49727-3_10

Krol, D. J., Carolan, R., Minet, E., McGeough, K. L., Watson, C. J.,
Forrestal, P. J., … Richards, K. G. (2016). Improving and dis-
aggregating N2O emission factors for ruminant excreta on tem-
perate pasture soils. Science of the Total Environment, 568,
327–338. https://doi.org/10.1016/j.scitotenv.2016.06.016

Le Mer, J., & Roger, P. (2001). Production, oxidation, emission and
consumption of methane by soils: A review. European Journal
of Soil Biology, 37, 25–50. https://doi.org/10.1016/S1164-5563
(01)01067-6

Levy, P. E., Burden, A., Cooper, M. D. A., Dinsmore, K. J.,
Drewer, J., Evans, C., … Zieli�nski, P. (2012). Methane emissions
from soils: Synthesis and analysis of a large UK data set. Global
Change Biology, 18, 1657–1669. https://doi.org/10.1111/j.1365-
2486.2011.02616.x

Levy, P. E., Gray, A., Leeson, S. R., Gaiawyn, J., Kelly, M. P. C.,
Cooper, M. D. A., … Sheppard, L. J. (2011). Quantification of
uncertainty in trace gas fluxes measured by the static chamber
method. European Journal of Soil Science, 62, 811–821. https://
doi.org/10.1111/j.1365-2389.2011.01403.x

Lumley, T., 2015. Leaps package, Regression subset selection.
Retrieved from https://cran.rproject.org/web/packages/leaps/
leaps.pdf.

MacDonald, J. A., Skiba, U., Sheppard, L. J., Hargreaves, K. J.,
Smith, K. A., & Fowler, D. (1996). Soil environmental variables
affecting the flux of methane from a range of forest, moorland
and agricultural soils. Biogeochemistry, 34(3), 113–132. https://
doi.org/10.1007/BF00000898

Maire, J., Gibson-Poole, S., Cowan, N., Reay, D. S., Richards, K. G.,
Skiba, U., … Lanigan, G. J. (2018). Identifying urine patches on
intensively managed grassland using aerial imagery captured
from remotely piloted aircraft systems. Frontiers in Sustainable
Food Systems, 2, 2. https://doi.org/10.3389/fsufs.2018.00010

Maire, J., Krol, D., Pasquier, D., Cowan, N., Skiba, U., Rees, R. M.,
… Richards, K. G. (2020). Nitrogen fertiliser interactions with

urine deposit affect nitrous oxide emissions from grazed grass-
lands. Agriculture, Ecosystems & Environment, 290, 106784.

Merbold, L., Eugster, W., Stieger, J., Zahniser, M., Nelson, D., &
Buchmann, N. (2014). Greenhouse gas budget (CO2, CH4 and
N2O) of intensively managed grassland following restoration.
Global Change Biology, 20, 1913–1928. https://doi.org/10.1111/
gcb.12518

Morel, X., Decharme, B., Delire, C., Krinner, G., Lund, M.,
Hansen, B. U., & Mastepanov, M. (2019). A new process-based
soil methane scheme: Evaluation over Arctic field sites with the
ISBA land surface model. Journal of Advances in Modeling Earth
Systems, 11, 293–326. https://doi.org/10.1029/2018MS001329

Nesbit, S. P., & Breitenbeck, G. A. (1992). A laboratory study of fac-
tors influencing methane uptake by soils. Agriculture, Ecosys-
tems & Environment, 41, 39–54. https://doi.org/10.1016/0167-
8809(92)90178-E

Nisbet, E. G., Fisher, R. E., Lowry, D., France, J. L., Allen, G.,
Bakkaloglu, S., … Zazzeri, G. (2020). Methane mitigation:
Methods to reduce emissions, on the path to the Paris agree-
ment. Reviews of Geophysics, 58(1), e2019RG000675. https://doi.
org/10.1029/2019rg000675

Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F., &
Erasmi, S. (2016). Greenhouse gas emissions from soils—A
review. Geochemistry, 76, 327–352. https://doi.org/10.1016/j.
chemer.2016.04.002

R Core Team (2017). R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Com-
puting. Retrieved from https://www.R-project.org/

Reeburgh, W. S. (2007). Global methane biogeochemistry. R.F.
Keeling In Treatise on geochemistry, 4, 65–89). Elsevier. https://
doi.org/10.1016/B0-08-043751-6/04036-6

Ridgwell, A. J., Marshall, S. J., & Gregson, K. (1999). Consumption
of atmospheric methane by soils: A process-based model.
Global Biogeochemical Cycles, 13, 59–70. https://doi.org/10.
1029/1998GB900004

Rowland, C.S.; Morton, R.D.; Carrasco, L.; McShane, G.; OʼNeil, A.
W.; Wood, C.M. (2017). Land Cover Map 2015 (25m raster, GB).
NERC Environmental Information Data Centre. Retrieved from
https://doi.org/10.5285/bb15e200-9349-403c-bda9-b430093807c7

Saggar, S., Bolan, N. S., Bhandral, R., Hedley, C. B., & Luo, J.
(2004). A review of emissions of methane, ammonia, and
nitrous oxide from animal excreta deposition and farm effluent
application in grazed pastures. New Zealand Journal of Agricul-
tural Research, 47, 513–544. https://doi.org/10.1080/00288233.
2004.9513618

Sánchez-Rodríguez, A. R., Carswell, A. M., Shaw, R., Hunt, J.,
Saunders, K., Cotton, J., … Misselbrook, T. H. (2018). Advanced
processing of food waste based digestate for mitigating nitrogen
losses in a winter wheat crop. Frontiers in Sustainable Food Sys-
tems, 2, 35. https://doi.org/10.3389/fsufs.2018.00035

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P.,
Canadell, J. G., … Zhu, Q. (2016). The global methane budget
2000–2012. Earth System Science Data, 8, 697–751. https://doi.
org/10.5194/essd-8-697-2016

Savage, K., Moore, T. R., & Crill, P. M. (1997). Methane and car-
bon dioxide exchanges between the atmosphere and north-
ern boreal forest soils. Journal of Geophysical Research:
Atmospheres, 102, 29279–29288. https://doi.org/10.1029/
97jd02233

COWAN ET AL. 1861

https://doi.org/10.1088/1748-9326/ab9ed2
https://doi.org/10.5194/bg-14-2069-2017
https://doi.org/10.5194/bg-14-2069-2017
https://doi.org/10.1016/j.gloplacha.2004.10.011
https://doi.org/10.1016/j.gloplacha.2004.10.011
https://doi.org/10.1016/j.renene.2011.09.006
https://doi.org/10.2134/jeq2008.0408
https://doi.org/10.2134/jeq2008.0408
https://doi.org/10.1007/978-3-319-49727-3_10
https://doi.org/10.1007/978-3-319-49727-3_10
https://doi.org/10.1016/j.scitotenv.2016.06.016
https://doi.org/10.1016/S1164-5563(01)01067-6
https://doi.org/10.1016/S1164-5563(01)01067-6
https://doi.org/10.1111/j.1365-2486.2011.02616.x
https://doi.org/10.1111/j.1365-2486.2011.02616.x
https://doi.org/10.1111/j.1365-2389.2011.01403.x
https://doi.org/10.1111/j.1365-2389.2011.01403.x
https://cran.rproject.org/web/packages/leaps/leaps.pdf
https://cran.rproject.org/web/packages/leaps/leaps.pdf
https://doi.org/10.1007/BF00000898
https://doi.org/10.1007/BF00000898
https://doi.org/10.3389/fsufs.2018.00010
https://doi.org/10.1111/gcb.12518
https://doi.org/10.1111/gcb.12518
https://doi.org/10.1029/2018MS001329
https://doi.org/10.1016/0167-8809(92)90178-E
https://doi.org/10.1016/0167-8809(92)90178-E
https://doi.org/10.1029/2019rg000675
https://doi.org/10.1029/2019rg000675
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1016/j.chemer.2016.04.002
https://www.r-project.org/
https://doi.org/10.1016/B0-08-043751-6/04036-6
https://doi.org/10.1016/B0-08-043751-6/04036-6
https://doi.org/10.1029/1998GB900004
https://doi.org/10.1029/1998GB900004
https://doi.org/10.5285/bb15e200-9349-403c-bda9-b430093807c7
https://doi.org/10.1080/00288233.2004.9513618
https://doi.org/10.1080/00288233.2004.9513618
https://doi.org/10.3389/fsufs.2018.00035
https://doi.org/10.5194/essd-8-697-2016
https://doi.org/10.5194/essd-8-697-2016
https://doi.org/10.1029/97jd02233
https://doi.org/10.1029/97jd02233


Segers, R. (1998). Methane production and methane consump-
tion: A review of processes underlying wetland methane
fluxes. Biogeochemistry, 41, 23–51. https://doi.org/10.1023/
A:1005929032764

Skiba, U., Jones, S. K., Drewer, J., Helfter, C., Anderson, M.,
Dinsmore, K., … Sutton, M. A. (2013). Comparison of soil
greenhouse gas fluxes from extensive and intensive grazing in a
temperate maritime climate. Biogeosciences, 10, 1231–1241.
https://doi.org/10.5194/bg-10-1231-2013

Smith, K. A., Dobbie, K. E., Ball, B. C., Bakken, L. R., Sitaula, B. K.,
Hansen, S., … Orlanski, P. (2000). Oxidation of atmospheric
methane in Northern European soils, comparison with other
ecosystems, and uncertainties in the global terrestrial sink:
methane oxidation in soils. Global Change Biology, 6, 791–803.
https://doi.org/10.1046/j.1365-2486.2000.00356.x

Stams, A. J. M. (1994). Metabolic interactions between anaerobic
bacteria in methanogenic environments. Antonie Van Leeuwen-
hoek, 66, 271–294. https://doi.org/10.1007/BF00871644

Thorman, R.E., Nicholson, F.A., Topp, C.F.E., Bell, M.J.,
Cardenas, L.M., Chadwick, D.R., Cloy, J.M., Misselbrook, T.
H., Rees, R.M., Watson, C.J., Williams, J.R., (2020). Towards
Country-Specific Nitrous Oxide Emission Factors for
Manures Applied to Arable and Grassland Soils in the UK.

Front. Sustain. Food Syst. 4, 62. https://doi.org/10.3389/fsufs.
2020.00062

van den Pol-van Dasselaar, A., van Beusichem, M. L., & Oenema, O.
(1998). Effects of soil moisture content and temperature on meth-
ane uptake by grasslands on sandy soils. Plant and Soil, 204,
213–222. https://doi.org/10.1023/a:1004371309361

Wang, Z. P., DeLaune, R. D., Patrick, W. H., & Masscheleyn, P. H.
(1993). Soil redox and pH effects on methane production in a
flooded rice soil. Soil Science Society of America Journal, 57,
382–385. https://doi.org/10.2136/sssaj1993.03615995005700020016x

Wickham H (2016). ggplot2: Elegant graphics for data analysis.
Springer-Verlag New York. Retrieved from https://ggplot2.
tidyverse.org.

How to cite this article: Cowan N, Maire J,
Krol D, et al. Agricultural soils: A sink or source of
methane across the British Isles? Eur J Soil Sci.
2021;72:1842–1862. https://doi.org/10.1111/ejss.
13075

1862 COWAN ET AL.

https://doi.org/10.1023/A:1005929032764
https://doi.org/10.1023/A:1005929032764
https://doi.org/10.5194/bg-10-1231-2013
https://doi.org/10.1046/j.1365-2486.2000.00356.x
https://doi.org/10.1007/BF00871644
https://doi.org/10.3389/fsufs.2020.00062
https://doi.org/10.3389/fsufs.2020.00062
https://doi.org/10.1023/a:1004371309361
https://doi.org/10.2136/sssaj1993.03615995005700020016x
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1111/ejss.13075
https://doi.org/10.1111/ejss.13075

	Agricultural soils: A sink or source of methane across the British Isles?
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Flux data
	2.2  Site classification
	2.3  Site data
	2.4  Statistical analysis

	3  RESULTS
	3.1  Flux data
	3.2  Impact of soil conditions
	3.3  Impacts of tillage
	3.4  Impacts of fertiliser application

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTION
	  DATA AVAILABILITY STATEMENT

	REFERENCES


